Two-step hydrolysis of nipa (Nypa fruticans) frond, one of the monocotyledonous angiosperms, was studied in a semiflow hot-compressed water treatment at 2308C/10 MPa/ 15 min (first stage) and 2708C/10 MPa/30 min (second stage). In the first stage, hemicelluloses such as O-acetyl-4-O-methylglucuronoarabinoxylan and pectin and para-crystalline cellulose were selectively hydrolyzed, as well as lignin, which was partially decomposed. In the second stage, hydrolysis of crystalline cellulose and some additional decomposition of lignin were observed. In addition, inorganic constituents and free sugars, composed mainly of glucose, fructose, and sucrose, were recovered in cold water (208C/ 10 MPa/30 min) prior to these 2 stages. In total, 97.3% of oven-dried nipa frond sample could be solubilized into cold and hot-compressed water. The degradation products in the water-soluble portion were primarily recovered as various saccharides (hydrolyzed moieties of the polyoses), which were later dehydrated, fragmented and isomerized partly. The residual (2.7%) is composed mainly of lignin associated with 0.4% of Si. A decomposition pathway is proposed for O-acetyl-4-O-methylglucuronoarabinoxylan as the major hemicellulose based on its various hydrolyzed products.
Introduction
Nipa (Nypa fruticans) is one of the most useful and versatile palms in the restricted mangrove forests of Southeast Asia and Oceania. Its leaves, fruit, and juice or sap from its inflorescence stalk (peduncle) are a source of products for indigenous people living near this region since historical times (Hamilton and Murphy 1988) . Figure 1 illustrates various parts of the nipa palm.
From the taxonomic viewpoint, nipa belongs to monocotyledonous angiosperms (monocots) and as such it is considered as a non-woody plant because of its difference in anatomy and lack of vascular cambium. However, based on their chemical composition, the monocots are lignocellulosic materials. Similar to other palms, the lignocellulosic tissues of nipa are different in the frond, leaves, fruit, etc., which are under investigation currently in our laboratory. The lignocellulosic material of its frond has a potential for biochemicals and biofuels because of its chemical composition (cellulose, hemicelluloses, and lignin). The frond also contains proteins, starch, extractives, and inorganic constituents.
In our previous works (Lu et al. 2009; Phaiboonsilpa et al. 2010 ), a two-step hydrolysis of Japanese beech (Fagus crenata) and Japanese cedar (Cryptomeria japonica) was described, in the course of which the materials are treated in a semi-flow equipment with hot-compressed water (H-CW).
The treatment of biomass with hot water has a long tradition, mostly as a pretreatment method to improve dissolved pulp production (Al-Dajani and Tschirner 2010) or enzymatic hydrolysis of biomass (Liu and Wyman 2005; Mosier et al. 2005; Cara et al. 2008) , and also aiming at the production of chemicals (biorefinery) with water under subcritical and supercritical conditions (Mok and Antal 1992; Kabyemela et al. 1997a; Ando et al. 2000; Sasaki et al. 2002; Yu et al. 2008; Liu 2010 ). The process is termed hydrothermolysis, if high temperatures (and necessarily high pressures) are applied. Early efforts with this regard are summarized by Bonn et al. (1983) .
Hemicelluloses and cellulose were found to hydrolyze uniformly in the first and second stages of the treatment in the semi-flow reactor constructed in our laboratory, while lignin was partially decomposed to some extent, mainly in the first stage. Various hydrolyzed (only mildly changed) and more or less heavily decomposed substances from the cell wall were obtained and identified.
In the present study, the two-step hydrolysis procedure was applied for nipa frond to gain insights into the behavior of monocots in hot-compressed water. As in the previous studies, qualitative and quantitative analyses will be performed on the various products obtained. Chemical conversion of nipa frond under the treatment conditions will be discussed and decomposition pathways of hemicelluloses will be proposed.
Materials and methods
Nipa (Nypa fruticans) frond was collected from Pak Phanang, Nakorn Si Thammarat, Thailand. The frond was milled as usual in Inorganic constituents recovered by hot-water and cold-water extraction. were rejected. The sieved material was dried at 1058C for 12 h and kept in a desiccator. All chemicals were of reagent grade and used without purification.
The material was extracted with EtOH/benzene 1/2 by vol. for 24 h and dried. Then the material was suspended in hot water (608C) at atmospheric pressure under vigorous stirring for 2 h to remove some other remaining polar extractives left after the previous extraction step. The solid material was filtrated and dried. Table 1 shows the results of quantitative chemical analysis obtained by the methods described by Lu et al. (2009) and Phaiboonsilpa et al. (2010) . Protein was quantified by the Kjeldahl method (Tomomatsu et al. 1996; AOAC Official Method 2001) , and starch content through colorimetry according to Humphreys and Kelley (1961) . The free sugar content of the hot-water extractives was analyzed by HPAEC (ICS-3000, Dionex) and its inorganic constituents were quantified by incinerating in a muffle furnace at 6008C for 4 h ( Table 2) .
The EtOH/benzene-extracted material was also treated with distilled water at room temperature (ca. 208C) in the semi-flow reactor; flow-rate 10 ml min -1 ; pressure 10 MPa; time 30 min. As seen from Table 2 , the yields of free sugars and inorganic constituents were comparable to those conducted by the hot-water extraction (608C/ 0.1 MPa/2 h). Accordingly, the hot-water extraction step could then be omitted. The cold-water extractives were analyzed with the same methods as the hot-water extractives.
Treatment with H-CW and fractionation of the products
The semi-flow system and its operational procedures were described by Lu et al. (2009) . In brief, approximately 0.5 g of oven-dried nipa frond sample was placed in the reactor and treated with cold water followed by two-step hot-compressed water (H-CW) (for fractionation see Figure 2 ). Solubles in cold water and H-CW were collected by the fraction collector every 1 min. Soluble portion in H-CW was left at the ambient temperature and under atmospheric pressure for 12 h; the liquid was then filtrated over a 0.2-mm membrane prior to subsequent analyses. The solid residue was oven-dried and analyzed.
Analyses of products
The water-soluble portion was analyzed by HPAEC, HPLC, GC-MS, and capillary electrophoresis (CE) as described by Lu et al. (2009) and Phaiboonsilpa et al. (2010) . The product percentages, presented on oven-dried weight basis of the initial material, are based on the chromatogram peak areas of the HPAEC, HPLC, CE, and GC-MS (Figures 3 and 4) . Ashes (obtained as described above) were characterized by means of energy-dispersive X-ray (EDX) spectroscopy. Scanning electron microscope (SEM, JSM-5800, JEOL Ltd) equipped with an EDX spectroscopic instrument (EDAX Corp., Phoenix) was employed at an accelerating voltage of 15 kV ( Figure 5 ).
Results and discussion

Free sugars and inorganics in cold-water extractives
In contrast to woods, a significant amount of free sugars and inorganic constituents has been found in the water extractives (Tables 1 and 2 ). Figure 3 shows the temperature profile of the treatment and the yields of the free sugars: glucose, fructose, sucrose, mannose, arabinose, galactose, and rhamnose, in cold water (-30 to -10 min). Obviously, glucose was the dominant free sugar, followed by fructose, sucrose and other monosaccharides. In oil palm trunks, similar free sugars were found (Kosugi et al. 2010) .
Over 70% of total inorganic contents in nipa frond could be recovered in the cold-water extractives (Table 3) , while approximately 23% was dissolved in the first stage hot-compressed water treatment and no ash was found in the second stage. The remaining 4% was left in the solid residue. Accordingly, the balance of inorganic components was satisfactory with an almost 100% recovery rate. On the other hand, from 25.4% of cold-water extractives, only 8.9% were found to be free sugars and inorganic constituents ( Table 2) . The other 16.5% are not yet identified.
Hydrolysis of major cell wall components
The two-step H-CW treatment (first, 2308C/10 MPa/15 min and second, 2708C/10 MPa/30 min) in a semi-flow reactor, liquefied 97.3% of the material. The solid residue left (2.7%) consisted mainly of 2.3% lignin with 0.4% inorganics.
The following xylo-saccharides were obtained in the first stage ( Figure 4a ): xylose and xylo-oligosaccharides, such as xylobiose, xylotriose, xylotetraose, xylopentaose, xylohexaose, and the molecules with higher degree of polymerization (DP). Moreover, arabinose, acetic acid, glucuronic acid, methanol and galacturonic acid were detected. These products are possibly from O-acetyl-4-O-methylglucuronoarabinoxylan, which is the major hemicellulose found in monocotyledonous angiosperms, particularly in palms, while galacturonic acid is from pectin (Suzuki et al. 1998; Scheller and Ulvskov 2010) . In addition, hydrolyzed monomeric guaiacyl and syringyl units from lignin, such as coniferyl alcohol and sinapyl alcohol, were obtained in this stage.
Based on the yields of hydrolyzed products obtained (Table 4) , O-acetyl-4-O-methylglucuronoarabinoxylan contains acetic acid, glucuronic acid, arabinose and xylose residues in a molar ratio of 0.13/0.001/0.37/1. Different compound ratios were determined by Suzuki et al. (1998) for oil palm frond (0.40/0.04/0.07/1). Accordingly, nipa frond contains over five times more of arabinose than oil palm frond, while acetyl and glucuronic residues in nipa frond are relatively low. This might be mainly due to the genetic variations between the plant species and the environmental conditions under which they have grown. The ratio of methanol and glucuronic acid was found to be in the present study 0.6/1 in 4-O-methylglucuronosyl residues.
As for glucose and cello-oligosaccharides, such as cellobiose, cellotriose, etc. including the fragments with higher DP, were produced throughout the whole 60 min of the twostep treatment (Figure 4a) . Products from the first stage (1-25 min) were derived from glucomannan in hemicelluloses and para-crystalline cellulose (with disordered crystallinity), while the rest in the second stage (25-60 min) from crystalline cellulose. Our studies on woods resulted in similar results (Lu et al. 2009; Phaiboonsilpa et al. 2010 ). Para-crystalline cellulose of wood was found to be readily hydrolyzed at the same treatment conditions in the first stage.
The production trends of monosaccharides are displayed in Figure 3 . All hemicelluloses-derived monosaccharides (xylose, arabinose, galactose, rhamnose, and glucose) arise in the first stage, while glucose released in the second stage is from the hydrolysis of cellulose. Arabinan units are obviously hydrolyzed faster and recovered as arabinose in greater yield. The relatively high susceptibility of arabinose in wood hemicelluloses to acid hydrolysis is well known (Rydholm 1965; Fengel and Wegener 1984; Sano et al. 1989) .
Fructose and mannose were formed as isomerized compounds of glucose in the second stage (25-60 min) as reported previously (Lu et al. 2009; Phaiboonsilpa et al. 2010 ). However, a significant amount of fructose appeared at a very early treatment time (1-10 min) in the first stage. As fructose is not a component in hemicelluloses, it must originate from the remaining free sugars left after cold-water extraction (Table 2 ). Fructose might also be bound with the cell wall components. It should be noted that a small peak of glucose after 0-5 min is also observed.
Degradation products from hemicelluloses and cellulose
The yields of levoglucosan, 5-HMF, and furfural ( Figure 4b ) as a function of treatment time are easy to interpret. As hemicelluloses in nipa frond are mainly composed of pentoses, furfural was predominantly produced from xylose in the first stage. In the second stage the yield of furfural and 5-HMF increased due to more severe conditions. Levoglucosan as a monodehydrated glucose was detected exclusively in the second stage. Similar findings were reported by Lu et al. (2009) and Phaiboonsilpa et al. (2010) .
5-HMF generated at a very early treatment time (1-10 min) can be attributed to the dehydration of fructose and glucose present in the free sugar forms. On the contrary, its later production between 10-25 min can be explained by the decomposition of glucose obtained from hydrolysis of glucomannan and para-crystalline cellulose.
As for the heavily fragmented compounds, Figure 4c shows that methylglyoxal and glycolaldehyde were produced in both first and second stages, while erythrose was formed in the second stage only. In the first stage, it is likely that pentoses such as xylose and arabinose from hemicelluloses would be decomposed to glycolaldehyde and glyceraldehyde, and then glyceraldehyde would be dehydrated to methylglyoxal as observed in glyceraldehyde pathway of hexose fragmentation (Kabyemela et al. 1997b ).
In the second stage, glycolaldehyde and erythrose were formed via retro-aldol condensation in the glycolaldehyde/ erythrose pathway (Kabyemela et al. 1997c; Kabyemela et al. 1999) , while methylglyoxal arises probably via the glyceraldehyde/dihydroxyacetone pathway of hexose fragmentation (Kabyemela et al. 1999; Watanabe et al. 2005) . However, under the conditions applied, glyceraldehyde and its isomerized dihydroxyacetone as part of the glyceraldehyde pathway were not detected. This is probably due to the fast dehydration reaction of glyceraldehyde to methylglyoxal and/or organic acids (Kabyemela et al. 1997b) . Similar decomposition and fragmented compounds were observed in a study on Japanese beech (Lu et al. 2009 ).
Production of organic acids
As shown in Figure 4d , the produced organic acids are acetic, lactic, glycolic, and formic acids. The origin of acetic acid in the first stage is the acetyl groups of hemicelluloses. On the other hand, acetic acid from the second stage must be a result of decomposition of cellulose and/or lignin (Yoshida et al. 2005; Lu et al. 2009; Phaiboonsilpa et al. 2010) . In addition, the production of lactic, glycolic, and formic acids, observed in both stages of the treatment, indicates that decomposition of dehydrated and fragmented compounds took place. Acrylic acid and levulinic acid were not detected.
Products from hemicelluloses, cellulose and lignin
The results of this study are summarized in Table 4 . It can be seen that the water-soluble portion contains 41.7% hydrolyzed products as various saccharides, uronic acids, methanol, and acetic acid. The detailed quantification is: 20.3% (s20.1%q0.2%) are from hemicelluloses and 21.4% (s3.7%q17.9%-0.2%) are from cellulose. In addition, 21.5% lignin-derived products are obtained, mainly in oligomeric forms. As for the decomposed compounds, 4.4% including 1.2% from dehydrated compounds, 2.4% from fragmented compounds, and 0.8% (s0.6%q0.2%) from organic acids are realized. Moreover, 1.5% free sugars and 9.8% inorganic constituents were recovered. The rest 18.4% are unidentified products in the water-soluble portion.
Nipa frond consists of 18.9% hemicelluloses, 25.6% cellulose, and 23.7% lignin (Table 1) . Hemicelluloses were hydrolyzed approximately to an extent of 107.4% ws(20.1q 0.2)/18.9=100%x, cellulose to 83.6% ws(3.7q17.9-0.2)/ 25.6=100%x, and lignin to 90.7% ws(17.9q3.6)/23.7= 100%x in the two-step hot-compressed water treatment. If the yield of hydrolyzed products of hemicelluloses is calculated on the anhydrosugar basis, the sum of the percentage will be lower than 100%.
Inorganic constituents in the fractions
The EDX spectra of inorganic constituents dissolved in coldwater and in the two steps of hot-compressed water treatment and of the solid residue are presented in Figure 5 . In nipa frond the elements Na, Mg, Si, P, S, Cl, K, and Ca were detected. These elements are present as parts of salts in oxalates, carbonates, and sulfates, but they can also be bound to cell wall components such as carboxyl groups of hemicelluloses or pectic materials (Saka 2001) . Cl is exclusively present in salts, as they can be simply removed by dissolving in cold water, while Na, Mg, P, S, K, and Ca probably occur in both forms. On the other hand, Si is certainly part of silica. It was partially removed by hot-compressed water in the first stage treatment and the rest remained in the solid residue.
Decomposition pathway of hemicelluloses
The hydrolysis of cellulose and hemicelluloses is well described such as the formation of furfural and 5-HMF and the formation of low molecular weight components under harsh conditions (Timell 1967; Fengel and Wegener 1984; Ehara and Saka 2002; Lu et al. 2009; Scheller and Ulvskov 2010) . Nevertheless, a schematic overview is useful to summarize the essential results of this study. In Figure 6 the decomposition of O-acetyl-4-O-methylglucuronoarabinoxylan is illustrated to xylose, xylo-oligosaccharides, arabinose, glucuronic acid, methanol, and acetic acid. Galacturonic acid is not included in this scheme because it is considered as a constituent of pectin (Scheller and Ulvskov 2010) . The dehydration reaction could be confirmed as furfural from pentoses (xylose and arabinose) was detected in the first stage, while the formation of the fragmented compounds (glycolaldehyde and methylglyoxal) could be attributed to the fragmentation reaction of these pentoses. The further decomposition of these compounds leads to the various organic acids observed at this stage.
Conclusions
Hemicelluloses and crystalline cellulose of nipa frond can be hydrolyzed separately by a two-step hot-compressed water (H-CW) treatment in a semi-flow system. Lignin was partially decomposed. Galacturonic acid was detected from the hydrolysis of pectin. Free sugars and inorganic constituents are released under the conditions of the treatment. The yields of degradation products as a function of elution time permit the interpretation of the locations and connectivity of the molecules degraded in the plant cell wall. The industrial realization of biomass fractionation in H-CW is hampered by the recovery of compounds from water, in which they are present in high dilution. Nevertheless, the data on the hydrolytic decomposition behavior of the monocotyledonous angiosperm nipa frond may contribute to the idea of biorefinery, i.e., production of biochemicals and biofuels, of this type of biomass.
